current densities employed (100 AI cm) . Passivation effects may lead to significantly higher anodic potentials.
INTRODUCTION
In electrochemical machining (ECM), metals are dissolved anodically at current densities of many amperes per square centimeter. In order to get a better understanding of electrochemical factors governing metal dissolution proceeding at such high rates, meaningful anode potential measurements are needed. Potential measurements performed at high current densities wi th rapidly dissolving anodes pose many problems, 1 and anode potential data reported for technical'ECM conditions appear to be of questionable 2 3 value. ' The anodic dissolution of copper has been chosen in this 4, 5 In view of many unknowns inherent in ECM it appeared desirable, however, to develop experimental procedures which allow direct potential measurements over a wide range of current densities. In the present paper , a galvanostatic interrupter technique is described which was applied to the determination of anode potentials prevailing under conditions of high rate dissolution of copper in sulfate electrolytes. Experiments were performed under free as well as under forced convection conditions.
EJtpe l"i me rit al Two cell types were employed, each assuring fast electrical response through low capacitance, and careful exclusion of ground loops. CellI The anode was surrounded by a circular counter electrode made of copper.
The whole interelectrode space was filled with liquid. Holes drilled in the cell cover (H) near the cathode provided for escape of cathodically evolved gas. The reference electrode (C), made of copper, was connected to the cell compartment by capillary D,posi tioned at a distance of 24 mm from the center. The cylindrical geometry of the cell allowed one to calculate the ohmic voltage drop between capillary and anode. No provision for excluding oxygen was made ,since at the high current densities employed here, its effect on the dissolution kinetics was considered negligible. On the other hand, the presence of oxygen might influence the potential of the reference electrode by establishing a mixed potential. Numerical estimation showed, however, that this effect was alw~s much smaller than 10 mV and,hence,could be neglected within the accuracy of the present study. Before insertion in the cell, the copper electrodes were cleaned in nitric acid and rinsed with distilled water. Several short anodic current pulses were applied before the start of measurements.
Cell II ( • -3'::'" UCRL-19616 piston was advanced at constant, preset rate in a PVC· cylinder, sweeping out a volume of 400 cc. At the end of each stroke, the motion of the piston was stopped by means of micros witches. The direction of rotation of the motor was then reversed to refill the cylinder with electrolyte.
An electrolyte reservoir of 2 liter was employed. Except for the electrodes, no metal parts were in contact with the solution.
The 0.5 x 3 mm copper anode was cast into epoxy, and its short length was positioned parallel to the flow direction. A copper counter electrode of the same surface area was used. The distance between anode and cathode was 0.5 mm, fixed by the thickness of a Teflon spacer into which a 3 mm wide slot, the flow channel, was cut. The cell was sealed by pressing the flat anode epoxy cast against the Teflon spacer by means of 4 knurled screws.
)
Linear flow velocities at the electrodes up to 10meters per second were used, corresponding to a minimum dis charge time of the pump of 25 sec.
In order to reach such high velocities without requiring excessive inlet pressures, the distance between cell inlet and anode was kept short (1.5 cm).
Thus, the hydrodynamic conditions in the present cell were not as well defined as those in previous experiments.
I ,6 In the present study, using transient techniques, it was considered more important, however, to achieve a compact design which allowed one to keep electrical connections to the cell short, and which made it possible to avoid any metallic contact, other than the electrodes ,wi th the electrolyte solution. In addition, the present design permitted the achievement of high flow velocities at the electrodes without requiring large electrolyte volumes. A copper reference electrode was located in the cell wall upstream from the cathode.
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All experiments were carried out at room temperature.
A galvanostatic pulse method was chosen for this study because it offers the most convenient technique for the elimination of large ohmic voltage drops inherent in high current density potential measurements.
The electrical circuit is. given schematically in By employing optimum compensation cOhditions as described above, it was estimated that the value of the non-ohmic decay potential could be measured to ± 1% of the IR drop corresponding: to the current density of the measurements.
The resulting uncertainty in measured anode potentials is indicated by the dashed line in Fig. 4 . A least square fit of the measured points in * Experimentally determined C values showed large scattering and the value given has to be regarded as an order of magnitude estimate only.
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Tafel parameters for anodic copper dissolution in sulfuric acid as well as values from the literatur~ are summarized in Table I . Present results extend the previously reported Tafel region to higher current densities by two orders of magnitude.
At high current densities ,uncertainties associated with fast double layer discharge and ohmic-compensation become increasingly more important. + e spec1es Cu is considered adsorbed on the surface ; its surface con-__ centration depending on potential.
. + Assum1ng no loss of Cu due to diffusion,the current for such a two step charge transfer process can be 12 expressed by (4), cannot be excluded at the highest current density but the measured results seem to fit equation (4) much better than equation (5) . No further mechanistic interpretation of results is justifiable here.
Flow channel cells have been used previously for studying high rate metal dissolution under forced convection conditions. l ,6,7,S Their advantage lies in the control of mass transfer and temperature effects.
On the other hand, current distribution is inhomogeneous in such cells.
To investigate experimentally the error that might be introduced in potential measurements performed under non-ideal current distribution conditions ,the same experiments described above were performed with Cell II, the geometry of which resembled that of previously used flow channel cells.* Results comparable to those given in Fig. 4 Upon current switch-off, two discharge processes may proceed now. Aside * Since experimental times were kept short in the present experiments, convection did not influence these results. .. The observed voltage increase, therefore, is due to a layer at most a few tenths of a micron thick. In order for the dissolution to proceed through pores, involving a direct contact between bare metal surface and electrolyte, the low porosity derived above would require unreasonably high local current densities. It is, therefore, highly unlikely that the observed high potentials in the transpassive dissolution mode are caused only by a partial blocking of the surface by an insulating layer.
Other experimental observations lead to a similar conclusion. A change in specific electrolyte conductivity by approximately a factor of two had no measurable effect on the voltage rise ~E. Furthermore, a large fraction of ~E was found to be non-ohmic as indicated by trace (b)
in Fig. 7 ,which represents the potential decay after current interruption (time resolution 5J.l sec/div) for the same electrolysis conditions under which charging trace (a) was observed.
The above discussion suggests that, during transpassive dissolution, the anode potential is determined by the presence of a thin compact layer.
It can be speculated that dissolution occurs through this layer by solid state conduction, although no experimental proof for this view exists, at present. Extremely large heating effects are to be expected within the anodic layer (for example, 25 volts at 89 A/cm 2 within a 3.8 x lO-5 cm thick layer correspond to 1.4xl0 7 cal/cm 3 sec). The associated temperature rise increases its ionic conductivity. This view is qualitatively consistent with the results shown in Fig. 9 , which show that the voltage -14-
rise t:.E is almost independent of current density, i.e. the effective resistance of the layer decreases strongly with increasing current densi ty (and hence increasing power dissipation). It is possible that, as a result of the heating effect,stresses are generated within the layer, which lead to its periodic rupture during the anodic dissolution process.
A more detailed understanding of the nature of the anodic layers present is necessary to determine the sequence of events in transpassive dissolution. Kinoshita et al. 7 ,8 analyzed solid reaction products during copper dissolution in sulfate media by X-ray diffraction. The products were sampled continuously downstream from the anode. Cuprous oxide which may disproportionate into copper ion and metallic copper was found to be a major constituent. The direct analytical study of anodic layers is complicated, however, by the fact that upon current swi tch-'off their nature may be changed within a matter of milliseconds. This is evidenced by the experiments illustrated in Figs. 10 and 11. Two identical current pulses were applied to the anode in tfme intervals ranging from a fraction of a millisecond to several milliseconds. The shape of the second pulse then depended strongly on the elapsed time between the two pulses ( Fig. 10) . The time interval necessary for the second pulse to become identical with the first pulse was considered equivalent to the time n~cessary for removal of the anodic layer after current switch-off.
In Fig. 10 , this corresponds to approximately 6 msec. The time for removal depended on the flow rate as well as on the current density at which the layer had been formed. This is evidenced by Fig. 11 in which the difference between the initial voltage of the second pulse and that of the first pulse, as determined from transients similar to those given , . "
'--15- UCRL-19616 in Fig. la , are plotted as a function of the elapsed time between two consecutive pulses. The layers formed at high current density appeared to be removed faster than those formed at lower current density.
Increasing flow rate also accelerated removal. The latter effect is ~ot unexpected; it may be related to an enhancement of either mechanical removal of solid products or of an increase in rate of mass transport of dissolved products. It is to be noted, however, that layer removal took somewhat longer than layer formation (Fig. 10 ). Since layer formation is initiated by a mass transport limited process,l it appears that removal is not entirely governed by a simple mass transport process. -18- UCRL-19616 
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